Rationale: Intensive care unit (ICU) capacity strain refers to the potential limits placed on an ICU's ability to provide high-quality care for all patients who may need it at a given time. Few studies have investigated how fluctuations in ICU capacity strain might influence care outside the ICU.
Intensive care unit (ICU) capacity strain refers to the potential limits-owing to occupancy, turnover, acuity, and other factors-placed on an ICU's ability to provide high-quality care for all patients who may need it at a given time (1, 2) . Prior research has demonstrated that ICU capacity strain varies markedly over time (3, 4) and influences ICU decision making (3, 5, 6) and processes of care (7, 8) but has weak, if any, associations with hospital mortality for ICU patients (3, 9) . A smaller number of studies have investigated how fluctuations in ICU capacity strain might influence care outside the ICU (10) (11) (12) . Researchers in one recent study reported that a fully occupied ICU was associated with reduced ICU admissions for patients in the emergency department (ED), but they examined capacity as full occupancy compared with anything less than full, potentially limiting an understanding of the association across the range of a continuous measure of occupancy (10) .
Sepsis is the most expensive condition treated in U.S. hospitals and one of the most common causes of ICU admission and in-hospital death (13) (14) (15) (16) . We sought to determine, among patients who are admitted from the ED and do not require life support therapies at the time of admission, 1) whether ICU capacity strain is associated with ICU versus ward admission decisions, 2) which capacity strain metrics account for such associations, and 3) whether the severity of capacity strain is associated with patient outcomes.
Methods Study Design and Study Sites
We performed a retrospective cohort study of patients with sepsis admitted from the ED to a medical ward or a medical ICU at three hospitals within the University of Pennsylvania Health System. Each of these hospitals has one ED and one medical ICU. (Table E1 in the online supplement describes study hospital characteristics.)
Study Population
Patients were eligible for inclusion if they 1) were admitted from the ED to a medical ward or medical ICU at one of the study hospitals between January 1, 2012, and September 30, 2015; 2) were at least 18 years of age at the time of hospital admission; and 3) had a clinical diagnosis of sepsis in the ED, defined as suspicion for infection (e.g., at least one microbiologic culture order written in the ED and at least one antibiotic or antifungal medication order written in the ED) and a Quick Sequential [Sepsisrelated] Organ Failure Assessment (qSOFA) score of 2 or 3 (see Appendix E1) (15) .
Patients were excluded if they were admitted initially to nonmedical wards or ICUs or were admitted directly to the hospital (i.e., not through the ED). To restrict the patient population to those not requiring life support therapies at the time of admission, whose ED disposition decision may not be discretionary, patients were excluded if vasopressors were ordered in the ED or if they required ventilatory assistance (invasive mechanical ventilation or noninvasive bilevel positive airway pressure [BiPAP] ) at the time of admission (see Appendix E2). Finally, patients were excluded if they had any Do-NotResuscitate (DNR) status at the time of admission (see Appendix E3). Patients admitted to step-down units (SDUs) were excluded from the primary analysis because at the study hospitals, these units are designed primarily for cardiology admissions and do not routinely admit general medicine or cardiology patients with sepsis. A sensitivity analysis included patients admitted to SDUs as ward admissions.
Exposures
The primary study exposures were four capacity strain metrics previously associated with ICU processes of care and outcomes: Values of capacity strain metrics were assigned to study patients on the basis of the most recently calculated strain metric score before the time of each patient's final ED disposition decision (a time point recorded in the electronic health record). ICU occupancy, ICU turnover, and ward occupancy were calculated once every hour throughout the study period. SOFA scores and ICU census acuity were calculated once every calendar day. SDU occupancy (defined as the percentage of SDU beds occupied) was calculated once every hour throughout the study period and was included as an additional strain metric in the SDU sensitivity analysis model. Sensitivity analyses were also performed with ICU occupancy modeled as the number of open ICU beds (to account for the fact that percentage ICU occupancy represents different numbers of open beds, depending on the bed capacity of a particular ICU) and to evaluate for any additional contributions from total time in the ED and the duration of time from ED disposition decision to inpatient admission.
Outcomes
The primary outcome was the ED disposition decision, defined as the initial inpatient level of care after leaving the ED (i.e., medical ward or ICU). Secondary outcomes included hospital mortality (with hospice discharge considered an in-hospital death), hospital length of stay (LOS), and discharge to home. Additional sensitivity analyses examined all eligible patients, regardless of DNR status, and models stratified on the basis of hospital, SOFA score, and qSOFA score (to evaluate whether certain patient subgroups might be differentially affected by capacity strain).
Adjustment Variables
Covariates selected a priori included age, sex, race, admission SOFA score, Comorbidity Point Score version 2 (COPS2, a comorbidity burden score based on 12 months of International Classification of Diseases diagnosis coding [18] [19] [20] ), hospital, and academic year.
Statistical Analysis
Missingness of exposure, outcome, and adjustment variables was assessed and found to be sufficiently low (<1.5% missingness for any individual variable, 2.7% of study patients with any missingness) that a complete case analysis could be performed without requiring imputation. Because all exposures and outcomes were in-hospital and contemporary to a given hospital admission, we considered each hospital admission, including multiple admissions of the same patient during the study period, ORIGINAL RESEARCH to be unique patients for the purposes of our analysis; a sensitivity analysis considered only the first admission for each unique patient in the study population. Capacity strain metrics were tested first in unadjusted models and then in combination in the fully adjusted model that included all covariates. ICU occupancy, ICU turnover, ward occupancy, and SDU occupancy were scaled such that odds ratios (ORs) and 95% confidence intervals (CIs) represent the change in odds of the outcome associated with a 10% change in the tested strain metric. Binary outcomes were assessed with logistic regression models; the secondary outcome of hospital LOS was assessed using a Cox proportional hazards model with deaths considered as censoring events. Locally weighted scatterplot smoothing (LOWESS) plots were used to assess the linearity of the relationship between strain metrics and ED disposition decision. Model diagnostics were assessed by examining Pearson residuals. P values less than 0.05 were considered statistically significant. All analyses were conducted using Stata version 14.2 software (StataCorp LP). The study protocol was approved by the institutional review board of the University of Pennsylvania (Philadelphia, PA).
Results

Patient Characteristics
A total of 77,142 patients were admitted to a medical ward or ICU across the three study hospitals during the study period. Of these, 20,247 met criteria of suspicion for infection in the ED. Patients were excluded on the basis of requiring mechanical ventilation or BiPAP at the time of admission (n = 609), requiring vasopressors at the time of admission (n = 347), requiring both mechanical ventilation or BiPAP and vasopressors at the time of admission (n = 113), direct hospital admissions (i.e., from clinic or another hospital and not through the ED) or missing or corrupt ED date/time data (n = 560), and DNR status at the time of admission (n = 28). Among the remaining 18,590 patients with suspicion for infection, 3,151 (16.9%) patients met qSOFA criteria for sepsis, and 84 (2.7%) patients were excluded owing to one or more missing covariates or outcomes, leaving 3,067 patient admissions included in the final analyses (representing 2,720 unique patients, 29.1% of whom were admitted more than once during the study period).
Among these 3,067 patients with sepsis, the mean age was 60.8 years; 1,534 (50.0%) patients were male; 1,526 (49.8%) were black; and 2,988 (97.4%) were nonHispanic. A total of 2,680 (87.4%) patients had a qSOFA score of 2, and 387 (12.6%) had a qSOFA score of 3. A total of 1,107 (36.1%) patients were admitted to the ICU. Median hospital LOS was 5.1 days (IQR, 2.9-9.0), and 290 (9.5%) patients died in the hospital or were discharged to hospice. Table 1 describes characteristics of the study population, and Table E2 describes patient characteristics by ED disposition decision.
ICU Capacity Strain Metrics
ICU occupancy was derived from 17, 192 hospital admissions that included at least one medical ICU or cardiac care unit stay. ICU turnover and ICU census acuity were derived from 13,428 hospital admissions that included at least one medical ICU stay. (See Appendix E4 for additional ICU capacity strain metric calculation details.) Ward occupancy was derived from 156,569 hospital admissions that included at least one medical ward stay. Table 2 presents descriptive statistics of ICU capacity strain metrics by study hospital over the duration of the study period. Figure 1 illustrates that ICU capacity strain metrics varied on an hourly (ICU occupancy, ICU turnover, ward occupancy) and daily (ICU census acuity) level both within and among study hospitals over the duration of the study period. Summary statistics and variability of ICU capacity strain metrics remained similar when restricting to the ED disposition decision times of the study population ( Figure E1 , Table E3 ). Table 3 presents results from unadjusted analyses and the fully adjusted model. In the unadjusted analysis, ICU occupancy at the time of the ED disposition decision was associated with reduced odds of ICU admission (OR, 0.80; 95% CI, 0.76-0.84; P , 0.001), such that a 10% increase in ICU occupancy (e.g., one additional patient in a 10-bed ICU or two additional patients in a 20-bed ICU) was associated with a 20% decrease in the odds of ICU admission. In a LOWESS plot of unadjusted ICU occupancy and the likelihood of ICU admission, there was a strong negative linear relationship at ICU occupancies greater than approximately 70% (which applied during .75% of the disposition decisions for the study population). In a plot of ICU occupancy instead modeled as the number of open CI, 0.82-0.91; P , 0.001), and ward occupancy (OR, 0.94; 95% CI, 0.88-1.00; P = 0.04) were also associated with reduced odds of ICU admission. In LOWESS plots against the likelihood of ICU admission, Definition of abbreviations: ICU = intensive care unit; IQR = interquartile range; SOFA = Sequential (Sepsis-related) Organ Failure Assessment; SD = standard deviation ICU occupancy, ICU turnover, and ward occupancy are calculated at the level of the hour over the study period. ICU census acuity is calculated at the level of the day over the study period. (Table E4) .
Unadjusted Analyses
ICU turnover (OR, 1.08; 95% CI, 0.99-1.17; P = 0.08), ICU census acuity (OR, 1.00; 95% CI, 0.93-1.07; P = 0.93), and ward occupancy (OR, 1.05; 95% CI, 0.93-1.18; P = 0.44) were no longer associated with ICU admission after adjustment for all other strain metrics and covariates. Among patient-level covariates, index patient SOFA score (OR, 1.31 per 1-point SOFA score increase; 95% CI, 1.26-1.35; P , 0.001), COPS2 score (OR, 1.04 per 10-point COPS2 score increase; 95% CI, 1.03-1.05; P , 0.001), and age (OR, 1.20; 95% CI, 1.02-1.42; P = 0.03) remained significantly associated with ICU admission. Presentation to hospital C, which admits a greater proportion of its patients with sepsis to the ICU overall, was an independent predictor of ICU admission. Model diagnostics assessed by examining Pearson residuals revealed no outliers and good model performance. Variance inflation factors suggested collinearity between strain metrics, but iteratively excluding ICU turnover, ICU census acuity, and ward occupancy from the model yielded similar results, and excluding ICU occupancy yielded a nonpredictive model (Table E5) . 
ORIGINAL RESEARCH
In sensitivity analyses, longer total time in the ED and longer duration of time from ED disposition decision to inpatient admission were each independently associated with reduced odds of ICU admission, and inclusion of either in the full model attenuated the ICU occupancy point estimate and strengthened a previously null ward occupancy OR (Table E6) .
Association of ICU Occupancy and In-Hospital Outcomes
Analyses of the relationship between ICU capacity strain and hospital outcomes were conducted for ICU occupancy because it was the only ICU capacity strain metric associated with ICU admission in the fully adjusted model. Among the subset of patients admitted initially from the ED to a medical ward, ICU occupancy at the time of admission was associated with increased odds of hospital mortality (OR, 1.62; 95% CI, 1.28-2.07; P , 0.001), longer hospital LOS (hazard ratio, 0.94; 95% CI, 0.91-0.97; P , 0.001), and decreased odds of discharge to home (OR, 0.76; 95% CI, 0.67-0.86; P , 0.001) in unadjusted analyses. Among these ward patients, the association of ICU occupancy with hospital mortality (OR, 1.61; 95% CI, 1.21-2.14; P = 0.001) and with discharge to home (OR, 0.79; 95% CI, 0.67-0.92; P = 0.003) persisted after adjustment for patient-level covariates, whereas the association of ICU occupancy with hospital LOS was no longer statistically significant after adjustment. In contrast, for the overall study population and among the subset of patients admitted initially from the ED to the ICU, ICU occupancy at the time of admission was not associated with hospital mortality or discharge to home; of note, among patients admitted initially from the ED to the ICU, high ICU occupancy was associated with longer hospital LOS (hazard ratio, 0.92; 95% CI, 0.87-0.99; P = 0.02).
(Hazard ratios ,1 indicate a reduced likelihood of discharge and are therefore interpreted as an association with a longer LOS.) Table 4 presents results from unadjusted analyses and adjusted models assessing the association of ICU occupancy and in-hospital outcomes. Figure 3 plots the association between ICU occupancy and hospital mortality among patients with sepsis admitted to the ward, adjusted for patient-level covariates.
SDU Admissions
At the three study hospitals during the study period, 384 patients were admitted from the ED to an SDU and met all other inclusion criteria. When these patients were included as ward admissions in the full model, the association of ICU occupancy with ICU admission remained (OR, 0.87; 95% CI, 0.79-0.94; P = 0.001), and the newly included SDU occupancy metric was not predictive of ICU admission (OR, 1.02; 95% CI, 0.94-1.10; P = 0.61). (Table E7 displays the SDU sensitivity analysis model compared with the primary analysis model.)
Sensitivity Analyses
In additional sensitivity analyses, the association of ICU capacity strain metrics with ED disposition decision and the association of ICU occupancy with in-hospital outcomes remained similar when all patients were included, regardless of DNR status (Tables E8 and E9 ) and when only the first admission for each unique patient during the study period was included (Tables E10 and E11) . When stratified by hospital rather than including hospital as a covariate, the point estimates for the association of ICU occupancy with ICU admission remained in the same direction as in the primary pooled model, but they lost statistical significance at the lower-volume hospitals B and C (Table E12) . Similarly, the association between ICU occupancy and hospital mortality among patients admitted initially from the ED to a medical ward, stratified by hospital, showed consistent point estimates across facilities but loss of statistical significance at hospitals B and C (Table E13 ). Within the ICU and ward cohorts, further stratification based on qSOFA and SOFA scores did not reveal a pattern of effect modification between ICU occupancy and hospital mortality (Table E14) .
Discussion
This study of the relationships between measures of ICU capacity strain and the disposition and outcomes of patients presenting to the ED with sepsis who do not receive life support therapies yields several important findings. First, ICU occupancy-a continuous variable treated as both percent ICU occupancy and the number of open ICU beds-was strongly 
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negatively associated with the odds of ICU admission. This finding, robust to adjustment from other strain metrics and patient-level covariates and consistent across multiple sensitivity analyses, reinforces the findings of a prior singlecenter study showing that a completely full (vs. not full) ICU was associated with reduced ICU admission for all ED patients in whom ICU admission was requested (10). Our three-hospital study expands on these findings by treating strain metrics as continuous variables and ICU occupancy as both percent occupancy and the number of open beds. Second, we found that ICU turnover, ICU census acuity, and ward occupancy were associated with ICU admission in unadjusted analyses, but these associations disappeared after adjustment for other strain metrics. This reinforces the importance of the ICU occupancy metric.
Third, this study illustrates that many ICU admissions may be highly discretionary, independent of clinical characteristics of the patient being triaged. It is well established that access to and use of ICU resources for patients with similar severities of illness for many diseases vary dramatically between hospitals (21). This study shows that the probability that patients with sepsis will be admitted to an ICU also varies dramatically within hospitals according to ICU bed availability, controlling for patient-level clinical characteristics.
Fourth, among patients with sepsis admitted initially to a medical ward, ICU occupancy was associated with increased odds of hospital mortality and decreased odds of discharge to home. In contrast, these associations were not found for all study patients or for patients admitted initially to the ICU.
There are several potential explanations for these findings. Sicker patients may be sent to wards during times of high ICU occupancy, thus "shunting" expected and observed worse outcomes to the wards that were not adequately captured by our risk adjustment. This explanation is supported by the fact that associations of ICU occupancy with all three outcomes among ward patients move toward their null values after adjustment for available patient characteristics; more granular characterization of these patients might have revealed truly null associations. The next possibility is that ICUs are better able to care for these sicker patients with sepsis. This explanation is supported by the fact that the association of ICU occupancy with mortality observed among patients sent to the wards is absent among those sent to ICUs. However, this finding could still also be consistent with incomplete risk adjustment-if more granular characterization of patients led to null associations with outcomes among all patients regardless of disposition, this would suggest that wards may be similarly capable of caring for these patients who might be considered to have discretionary indications for ICU admission. The findings in this study importantly cannot distinguish between these two related but different explanations. Finally, ED care may deteriorate during times of high ICU occupancy in ways that differentially affect patients awaiting ward beds (10), or ward care is adequate for these patients during times of low ICU occupancy but deteriorates during times of high ICU occupancy, perhaps because wards must then accommodate more and sicker patients with all illnesses and admission origins (22) . Given the very different policy implications of these explanations, it will be important for future work to attempt to tease them apart.
Strengths and Limitations
The main strength of this study is the analysis of multiple strain metrics as continuous variables based on granular data from three diverse hospitals. The findings of this study should be interpreted in the context of a number of important limitations, however. First, this study evaluated patients from three hospitals in a single health system. Future studies would benefit from the addition of more hospitals from more geographically and organizationally diverse health systems and better take into account organizational differences between facilities. Second, our calculation of ward occupancy pooled all medical ward beds and did not take into account numerous granular physical ward-and service line-specific characteristics that may influence ward capacity strain (17) . Third, the nature of the specialty SDUs at the study hospitals did not allow adequate study of medical SDUs in general. Fourth, the categorization of DNR status as an existing status (an exclusion criterion) versus a change in status (an outcome event that might be influenced by ICU capacity strain [6, 11] ) is imperfect (see Appendix E3) and may be missing important nuances about how capacity strain and care limitations are linked. Finally, although we included multiple capacity strain metrics, the broader concept of capacity strain for a hospital or health system is certainly more complex. Further work is needed to better understand which and to what extent other factors (such as the acuity of other patients in the ED, not included in this study) are contributing to 90 100 Figure 3 . Association of intensive care unit (ICU) occupancy and hospital mortality among patients with sepsis admitted to the ward. Among patients presenting to the emergency department with sepsis who do not receive life support therapies and are admitted initially to a medical ward, observed hospital mortality (vertical axis) is plotted against the ICU occupancy (in 5% bucketed increments) at the time of the emergency department disposition decision. The figure demonstrates that ICU occupancy (between 50% and 100%) appears linearly associated with increased hospital mortality.
ORIGINAL RESEARCH the overall strain felt by triaging and admitting clinicians and how composite strain models may change because of facility-specific factors.
Conclusions
Patients with sepsis not requiring life support therapies have a reduced likelihood of being admitted from the ED to the ICU when the ICU is crowded. Furthermore, such patients with sepsis who are admitted from the ED to the ward during times of ICU crowding have higher hospital mortality. This finding merits further investigation to determine whether it suggests the superiority of ICUs in caring for such patients or is instead due to residual confounding by severity of illness, such that sepsis outcomes on the ward rival those in the ICU. n
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